Abstract: Sepsis is characterized by various symptoms, signs and underlying pathophysiology. To investigate possible mechanisms underlying this diversity, we compared the cardiovascular effects of lipopolysaccharide (LPS) derived from Escherichia coli (E-LPS) with those of LPS from Pseudomonas aeruginosa (P-LPS) in rats. We also examined the possible roles of tumor necrosis factor-α (TNF-α) and oxidative stress in LPSinduced cardiovascular damage. E-LPS (10 mg/kg body weight) or P-LPS (2 mg/kg body weight) was administered intravenously to Wistar rats. Echocardiography was serially performed. E-LPS induced an increase in left ventricular fractional shortening that persisted for at least 6 h, whereas P-LPS elicited an initial increase and a subsequent decrease in this parameter. Histological analysis revealed that P-LPS induced interstitial edema, congestion, intramyocardial bleeding, myocardial necrosis, infiltration of inflammatory cells, and formation of fibrin thrombi in the heart, whereas no pathological changes were apparent in the hearts of rats treated with E-LPS. Furthermore, the plasma concentration of TNF-α in rats treated with P-LPS was greater than that in rats treated with E-LPS, but the glutathione redox ratio in the heart was not affected by either type of LPS. In conclusion, E-LPS and P-LPS induced distinct patterns of functional and structural responses in the cardiovascular
Introduction
Sepsis is a major cause of human mortality after surgery, with death resulting largely from the effects of endotoxin released from live or dead bacteria [6] . Sepsis is characterized by various symptoms and signs including fever, fatigue, loss of appetite, mental difficulties, increased or decreased cardiac output, hypotension, as well as injury to the vascular endothelium and intestinal epithelium [29] . Clinical studies have characterized the pathophysiology and potential mechanisms of cardiovascular deterioration during septic shock in humans [22, 23] . Endotoxin, or lipopolysaccharide (LPS), produced by Gram-negative bacteria stimulates monocytes and macrophages to release various cytokines including tumor necrosis factor-α (TNF-α), which contributes to organ dysfunction in sepsis [20] . TNF-α has been shown to increase both the expression of the inducible isoform of nitric oxide (NO) synthase and the generation of reactive oxygen species in vascular smooth muscle cells. It also has a direct negative inotropic effect on cardiac myocytes, as well as inducing apoptosis and ventricular remodeling in the heart, the latter action being manifest as increased production and accumulation of collagen within the injured myocardium [4] . Reactive oxygen or nitrogen species also impair substrate metabolism and energy production in the heart [5] . Sepsis is thus accompanied by a series of events, including cytokine production, generation of oxidative stress, and impairment of metabolism, that lead to myocardial dysfunction and death.
Studies of the effects of LPS-induced sepsis on the cardiovascular system have been performed in a variety of species, especially in rats [2, 31] . However, serial measurements of cardiovascular parameters have been limited mostly to either blood pressure or heart rate in rodent models. Echocardiographic techniques have been applied successfully in rodents [11] [12] [13] [14] [15] 21] . With the use of echocardiography, we have previously shown that platelet-activating factor plays an important role in the changes in cardiac structure and function induced by endotoxin derived from Klebsiella pneumoniae [13] . Our preliminary observations have indicated that the cardiovascular effects of LPS derived from Escherichia coli (E-LPS) or Pseudomonas aeruginosa (P-LPS) differed from those of LPS from K. pneumoniae, suggesting that the nature of LPS-induced cardiovascular alterations might depend on the bacterial species responsible for infection and sepsis. In this study, we applied echocardiography and other approaches to compare the cardiovascular effects of E-LPS with those of P-LPS. Furthermore, given that myocardial oxidative stress has been implicated in ischemia-reperfusion injury as well as in the development of heart failure [26] , we also examined the possible role of such stress in the cardiovascular effects of LPS.
Materials and Methods

Animals
Male Wistar rats were obtained from Japan SLC (Hamamatsu, Japan) and housed in an animal facility at 22 to 24°C with a 12-h light, 12-h dark cycle. They had free access to food (CE-2, CLEA Japan, Tokyo, Japan) and water. The experimental protocol was approved by the Committee on Laboratory Animal Utilization of Nagoya University, and the animals were handled in accordance with the guidelines of Nagoya University Graduate School of Medicine as well as with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD).
Physiological measurements
Rats at 8 weeks of age were weighed (body weight, 244.8 ± 7.1 g), anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight), and allowed to breathe spontaneously. Supplemental doses of anesthetic were administered to maintain a uniform level of anesthesia throughout the experiment. A polyethylene catheter (SP 45, SP 10, Natsume, Tokyo, Japan) filled with 0.9% saline was inserted into the right carotid artery for measurement of arterial pressure and sampling of blood. The catheter was connected to a pressure transducer (CDX, Fukuda, Tokyo, Japan). The right jugular vein was also catheterized for the administration of E-LPS, P-LPS, or physiological saline. Electrocardiographic leads were attached to each limb with the use of needle electrodes (IMR-110520, Inter Medical, Nagoya, Japan). Mean and phasic arterial pressures and electrocardiograms were monitored continuously with the use of a multichannel polygraph system (MCS-5000, Fukuda, Tokyo, Japan) at a paper speed of 100 mm/s. Systolic, diastolic, and mean arterial pressures were determined by averaging data ob-tained from more than five consecutive cycles. After both arterial pressure and heart rate had stabilized, E-LPS (n=6), P-LPS (n=6), or physiological saline (n=4) was administered over 30 s with a syringe pump (TE-311, Terumo, Tokyo, Japan). E-LPS (serotype O55:B5, Sigma, St. Louis, MO) was administered at a dose of 10 mg/kg in a volume of 0.1 ml per 100 g of body weight, which is the minimum dose that induced significant changes in blood pressure and cardiac function as assessed by echocardiography in preliminary experiments. P-LPS (serotype 10, Sigma, St. Louis, MO) was administered at a dose of 2 mg/kg in a volume of 0.1 ml per 100 g of body weight, which is the same dose of LPS derived from K. pneumoniae that was used in our previous study [13] .
Echocardiography was performed with a 13-MHz transducer (Nemio, Toshiba Medical, Tokyo, Japan). Left ventricular (LV) end-diastolic internal dimension (LVDd), LV end-systolic internal dimension (LVDs), intraventricular septal wall thickness (IVST), and LV posterior wall thickness (LVPWT) were measured in M-mode recordings at the papillary muscle level in the LV short-axis view, and LV fractional shortening (LVFS) was calculated from the equation: LVFS (%) = [(LVDd-LVDs)/ LVDd] × 100. Echocardiographic recordings were performed before and after the administration of LPS.
Assessment of oxidative stress
Rats at 8 weeks of age (body weight, 245.8 ± 3.4 g) were anesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg) and were sacrificed at 1, 4, or 7 h after administration of E-LPS (n=12), P-LPS (n=12), or physiological saline (n=12). The heart and liver were removed, immediately frozen in liquid nitrogen, and subsequently homogenized in 0.5 ml of a solution containing 10 mM HEPES (pH 7.4), 320 mM sucrose, and 10 mM EDTA. The homogenate was centrifuged at 100,000 × g for 1 h at 4°C, and the resulting supernatant was collected both for determination of the amounts of reduced and oxidized glutathione and for measurement of protein concentration with an assay kit (Bio-Rad, Hercules, CA) and bovine serum albumin as standard. Total glutathione was determined with a recycling assay based on glutathione reductase and 5,5'-dithiobis-(2-nitrobenzoic acid) as previously described [28] , and oxidized glutathione was also assayed as described [8] .
Determination of the plasma concentration of cTnT
Arterial blood samples (0.6 ml) were collected both before and 1, 4, and 7 h after administration of E-LPS (n=6), P-LPS (n=6), or physiological saline (n=4). The plasma cardiac troponin T (cTnT) level was measured with an electrochemiluminescence immunoassay [16] .
Determination of the plasma concentration of TNF-α
Arterial blood samples (0.6 ml) were collected both before and 0.5, 1, 1.5, 2, 3, and 4 h after administration of E-LPS (n=5), P-LPS (n=7), or physiological saline (n=4). The plasma concentration of TNF-α was measured by an enzyme-linked immunosorbent assay kit (Pierce, Rockford, IL).
Pathology
After the echocardiographic experiments, the heart and kidneys were removed from rats and fixed by immersion in 20% phosphate-buffered formalin. The fixed tissue was dehydrated, embedded in paraffin, sectioned at a thickness of 4 µm, and stained with hematoxylineosin or phosphotungstic acid-hematoxylin.
Statistical analysis
Data are presented as means ± SEM. Differences among the groups were evaluated by analysis of variance followed by Scheffe's test. A P value of <0.05 was considered statistically significant.
Results
Arterial pressure and echocardiographic indices
The time course of mean arterial pressure (MAP) is shown in Fig. 1 . The administration of E-LPS induced an immediate decrease in MAP, with the maximal hypotensive response being apparent 5 to 10 min after E-LPS infusion. Although MAP had returned to normal by 1 h after E-LPS administration, it had declined again by 2 h after the infusion, indicative of a biphasic response. It subsequently increased gradually, and a hypertensive state was apparent from 4 to 6 h after infusion. In contrast, MAP remained unchanged until about 3 h after P-LPS administration, thereafter it increased, and a hypertensive state was maintained until the end of the observation period. Infusion of saline had no effect on MAP in control rats.
Representative M-mode echocardiographic recordings are shown in Fig. 2 , and echocardiographic indices for rats administered E-LPS, P-LPS, or saline are shown in Table 1 and Fig. 3 . Both LVDd and LVDs decreased immediately after infusion of E-LPS and remained below the values for control rats throughout the experiment (Table 1) . Both IVST and LVPWT were increased 10 min after infusion of E-LPS and remained increased for up to 6 h, although not always significantly (Table 1) . LVFS increased from 54.2 ± 3.5% at baseline to 77.4 ± 9.9% at 10 min after E-LPS administration and remained significantly greater than the corresponding values for control rats throughout the observation period (Fig. 3) . In contrast, LVDd, IVST, and LVPWT were not significantly affected by P-LPS infusion, whereas LVDs was significantly decreased at 1 and 2 h, but thereafter increased after administration of P-LPS (Table 1) . LVFS was increased 1 and 2 h after infusion of P-LPS but declined thereafter, being significantly reduced compared with that in control rats at 6 h (Fig. 3) . Control rats showed no changes in echocardiographic indices throughout the experiment.
Oxidative stress
There was no difference in the glutathione redox ratio [reduced (GSH)/oxidized (GSSG)] of the LV myocardium (Fig. 4A) or liver (Fig. 4B ) between rats treated with E-LPS, P-LPS, or physiological saline (control) at any of the time points examined.
Plasma concentration of cTnT
The time course of plasma concentration of cTnT is shown in Fig. 5 . The plasma cTnT level was increased significantly at 4 and 7 h after administration of E-LPS or P-LPS. There was no difference in plasma cTnT level between rats treated with E-LPS and P-LPS. Plasma cTnT was not detected in control rats throughout the experiment.
Plasma concentration of TNF-α
The time course of plasma concentration of TNF-α is shown in Fig. 6 . The plasma TNF-α level was increased significantly at 90 min after infusion of E-LPS and declined gradually thereafter. In contrast, the plasma TNF-α level was increased significantly at 30 min after infusion of P-LPS, reached a maximum at 2 h, and then decreased toward control values. The maximal plasma concentration of TNF-α in rats treated with P-LPS was about three times that achieved in rats treated with E-LPS. Control rats showed no change in plasma TNF-α concentration throughout the experiment.
Pathology
Histological sections of the hearts of rats isolated at 7 h after administration of E-LPS appeared normal (Fig.  7A) , whereas those of the hearts of rats treated with P-LPS showed evidence of interstitial edema, congestion, intramyocardial bleeding, myocardial necrosis, infiltra- tion of inflammatory cells (Fig. 7C) , and formation of fibrin thrombi (data not shown). Fibrin thrombi were observed in glomeruli of the kidneys of rats treated with E-LPS (Fig. 7B ) or P-LPS (Fig. 7D) . No changes were apparent in the heart and kidneys of control rats.
Discussion
Our results show that the cardiovascular effects of E-LPS and P-LPS differ markedly in rats. Thus, the cardiovascular damage induced by LPS appears to depend on the bacterial species from which the endotoxin is derived.
Cardiovascular responses to E-LPS
The cardiovascular effects induced by infusion of E-LPS included a biphasic decrease in MAP, an increase in LV wall thickness, a decrease in LV internal dimensions, and an increase in LVFS. All of these changes were similar to those observed in rats treated with LPS derived from K. pneumoniae in our previous study [13] . However, the changes in arterial pressure, LV internal dimensions, and LV performance induced by E-LPS were less pronounced than those elicited by LPS from K. pneumoniae, even though the dose of E-LPS administered was greater than that of LPS from K. pneumoniae, suggesting that the toxicity and potency of LPS from K. pneumoniae are greater than those of E-LPS. Although the mechanism responsible for the increase in LVFS induced by E-LPS is unclear, it might be attributable to a reduction in LV afterload, given that dehydration due to diarrhea was observed in rats administered E-LPS. Histological analysis did not reveal any abnormalities in the hearts of rats treated with E-LPS, whereas congestion of capillaries and mild edema in the LV myocardium were apparent in rats treated with LPS from K. pneumoniae [13] . It is pos- sible that platelet-activating factor plays a more important role in the cardiovascular effects of LPS from K. pneumoniae than in those of E-LPS.
Cardiovascular responses to P-LPS
The cardiovascular effects of P-LPS included an increase in MAP as well as an initial increase and subsequent decrease in LVFS. In addition, interstitial edema, myocardial necrosis, infiltration of inflammatory cells, and formation of fibrin thrombi were evident in the hearts of rats treated with P-LPS. The impairment in LV function of rats administered P-LPS might be attributable either to the accompanying myocardial necrosis, as revealed by pathological analysis as well as by an increase in the plasma concentration of cTnT, or to LV afterload mismatch, given that hypertension developed -3 h after P-LPS infusion. The production of TNF-α induced by LPS administration has been known to elicit hypotension via NO production in endothelium, whereas we observed an increase in MAP as early as 3 h after administration of P-LPS in the present study. It has been reported that a marked increase in endothelin (ET), a potent vasoconstrictive peptide, was observed after infusion of endotoxin in rats [27] . Although the mechanism of vasoconstriction cannot be explained in our present study, we speculate that an increase in MAP was induced by the effects of a vasopressor substance, such as ET, on vascular smooth muscle in addition to the impairment of endotheliumdependent vasodilation by LPS-induced vascular endothelial dysfunction. TNF-α has also been found to induce a negative inotropic effect, cardiomyocyte apoptosis, and ventricular remodeling [7, 18] . Given that the plasma concentration of TNF-α is increased in patients with heart failure, this cytokine has been proposed as contributing to the progression of this condition through its direct toxic effects on the cardiovascular system [25] . Pathophysiologically relevant peripheral or increased intramyocardial levels of TNF-α are sufficient to recapitulate many aspects of heart failure, including LV dilation, LV dysfunction, and activation of fetal gene expression, in experimental animals [3, 17] . The marked increase in plasma TNF-α level induced by P-LPS administration might contribute to the associated LV dysfunction.
Differential cardiovascular responses to E-LPS and P-LPS
Since the time course of cardiovascular effects induced by E-LPS was drastically different from that by P-LPS, the time points for measurements of MAP and echocardiography differed between rats administered E-LPS and P-LPS. Our preliminary studies indicated that both arterial pressure and LVFS were altered immediately after administration of E-LPS, as evident in this study. In contrast, both parameters remained almost unchanged early after administration of P-LPS, unlike after administration of E-LPS. Therefore, we focused on the cardiovascular effects of P-LPS on a 1-h basis rather than 10 min basis. We believe that this differential time course of cardiovascular responses between E-LPS and P-LPS is one of the striking findings of our study.
Although LPS from both bacterial species induced similar increases in the plasma concentration of cTnT, the LV functional responses were substantially different. The plasma concentration of TNF-α in rats treated with P-LPS was greater than that in rats treated with E-LPS. The increase in the plasma level of cTnT in the absence of any obvious pathological findings in the hearts of rats treated with E-LPS might be due to func- tional alterations in the plasma membrane of cardiomyocytes rather than to cardiomyocyte death. Enzyme release from myocardial cells in the absence of cell necrosis has been observed after reversible ischemia in vitro [24] . Furthermore, TNF-α and its mediators produced by granulocytes may increase the permeability of the cardiomyocyte membrane to macromolecules such as troponin without inducing myocyte necrosis [30] . In rats treated with P-LPS, the increase in the plasma level of cTnT might result from myocyte cell death as well as functional changes in the plasma membrane.
Myocardial oxidative stress has been found to increase in association with experimental [9, 10, 21] or clinical [1, 19] heart failure. We hypothesized that reactive oxygen species produced within the heart might induce contractile dysfunction and pathological changes in rats treated with LPS. However, neither E-LPS nor P-LPS increased oxidative stress in the heart in the present study.
Study limitations
In this study, there was a substantial difference between the doses of E-LPS and P-LPS. The doses of both E-LPS and P-LPS were initially decided as the same dose (2 mg/kg) of LPS derived from K. pneumoniae that was used in our previous study [13] , however, administration of E-LPS at this dose induced no changes in blood pressure and cardiac function as assessed by echocardiography in preliminary experiments. Therefore, the dose of E-LPS (10 mg/kg) was decided as the minimum dose at which significant changes in blood pressure and cardiac function were induced. Although our findings suggest that the toxicity of P-LPS is more severe than that of E-LPS, further studies are required to examine the dose-response relationship of each LPS.
Conclusions
E-LPS and P-LPS elicited distinct patterns of functional and structural responses in the rat cardiovascular system. These differential responses may be attributable in part to the difference in the associated increases in the plasma concentration of TNF-α. The cardiovascular effects of LPS thus depend on the causative bacteria.
